Abstract: High-molecular-weight vinyl-type polynorbornene (PN) was obtained in high yields by a highly active nickel-based phosphorane iminato complex in the presence of methylaluminoxane. Termination of norbornene polymerization by functionalized α-olefins yielded soluble end group functionalized polynorbornenes of controlled molecular weight. The impact of the α-olefins on yield and M n depends significantly on the sterical situation at the olefins. No proof for the incorporation of the olefin at any other position than the chain end was observed. Considerations based on yields and M n suggest that the Ni hydride species, which is most likely formed upon β-H elimination reaction in the scheme of olefin addition to the growing PN chain, initiates a new PN chain; in other words, chain transfer occurs through β-H elimination reaction.
Introduction
Amorphous vinyl-type polynorbornene (PN) (Scheme 1) is characterized by a promising set of properties. It is characterized by selective solubility, high glass transition temperature, rigid polymer backbone, high solid state density, and low dielectric constant just to name a few. PN was synthesized by late transition metal complexes, e.g., based on nickel [1] [2] [3] [4] , palladium [5] [6] [7] and cobalt [8] . In general, these complexes are activated by methylaluminoxane (MAO) or are cationic complexes with weakly coordinating counterions. The promising perspectives of PN were extended significantly by statistical copolymerization with ethylene, which yields the so-called cycloolefin-copolymers (COC) [9] . In contrast, the polymerization of norbornene initiated by nickel or palladium complexes in the presence of ethylene yields vinyl terminated PN macromonomers. Most likely, the termination reaction is due to β-H elimination as soon as ethylene is incorporated at the active center accompanied by formation of the corresponding metal hydride. The termination of norbornene polymerization by ethylene is combined with significant limitation of the degree of polymerization, which can be controlled by the amount of ethylene in feed [8, 10, 11] . However, it should be also mentioned here that polymerization of nonstrained olefins (e.g., ethylene) is possible, for example, by Ni-complexes with very bulky ligands [12] . Somewhat different reactions of ethylene and norbornene initiated by chromium complexes can yield statistical norbornene/ethylene copolymers, block copolymers, and PN macromonomers depending on reaction conditions and on the nature of the chromium complex [13] .
In this contribution the termination of the vinyl-type polymerization of norbornene in the presence of different olefins initiated by a Ni(II)-phosphorane iminato complex/MAO is described. The understanding of the termination efficiency of different olefins for the polymerization of norbornene can be of particular interest for in situ block and graft copolymerizations of norbornene, which will be the topic of forthcoming papers.
Experimental part

Materials
Toluene was dried over potassium/benzophenone. CH 2 Cl 2 was dried by distillation over P 2 O 5 followed by distillation over CaH 2 . [NiBr(NPMe 3 )] 4 (1) was prepared according to a published procedure [14] . Norbornene (2) (Aldrich) was purified by distillation over potassium. MAO used for polymerization was prepared by removal of toluene in vacuum from a commercial solution of MAO (30 % in toluene, Witco) and dissolution in dry toluene. Ethylene (3a) (Messer-Griesheim, 99.7 %) was used as received. 1-Hexene (3b) (Fluka), 3,3-dimethyl-1-butene (3c) (Aldrich, 95 %), styrene (3d) (BASF), allylbenzene (3e) (Lancaster, 98 %), trimethylvinylsilane (3f) (Aldrich, 97 %), allyltrimethylsilane (3g) (Acros, 99 %), trimethoxyvinylsilane (3h) (Aldrich, 97 %), pentamethylvinyldisiloxane (3i) (ABCR), and 1,3-divinyltetramethyldisiloxane (3j) (ABCR) were distilled over CaH 2 and stored under argon.
Measurements
IR spectroscopy was performed using a Nicolet 510 FT-IR (KBr pellets). 1 H NMR spectra (500 MHz) were recorded on a Bruker AMX 500 in deuterated bromobenzene. Molecular weights were obtained by gel permeation chromatography (GPC) relative to polystyrene standards (from PSS, Mainz) in chlorobenzene at 20°C using two PSS columns (SDV linear, 10 µ, 0.8 x 60 cm) with a Knauer pump and a Shodex refractive index detector.
Typical polymerization procedures
Polymerization of 2 in the presence of ethylene (3a)
1 ml of a fresh initiator solution (dichloromethane, 0.5 µmol of 1, ≅ 2 µmol of Ni), 6 ml of a solution of 2 (40 mmol) in toluene, and 19 ml of toluene were added under inert gas atmosphere in a reaction vessel, which was kept at 20°C. The solution was saturated with 3a below the desired reaction pressure. The reaction was started by addition of 4 ml of a freshly prepared MAO solution (4 mmol MAO in toluene) using a pressure syringe and 3a at the desired reaction pressure. The pressure of 3a was kept constant during the reaction time. After 1 h, the reaction mixture was poured into 200 ml of acidic methanol (methanol : HCl conc = 50 : 1). PN was isolated by filtration, washed with methanol, and dried in vacuum for four days.
Polymerization of 2 in the presence of α-olefins 3b-j 1 ml of a fresh initiator solution (dichloromethane, 0.5 µmol of 1, ≅ 2 µmol of Ni), 6 ml of a solution of 2 (40 mmol) in toluene, and the desired amount of α-olefin (4 -80 mmol; 2 -40 mmol in case of 3j, respectively) were added under inert gas atmosphere in a reaction vessel, which was kept at 20°C. Toluene was added to give a total volume of 26 ml, and the reaction was started by addition of 4 ml of a freshly prepared MAO solution (4 mmol of MAO in toluene), giving a total volume of 30 ml. After 24 h, the reaction mixture was poured into 200 ml of acidic methanol (methanol : HCl conc = 50 : 1). The polymer was isolated by filtration, washed with methanol, and dried in vacuum at 60°C for four days.
Results and discussion
The polymerization of 2 in the presence of catalytical amounts of 1 and an excess of MAO (relative to 1) yielded high-molecular-weight amorphous PN. Here, PN with M n = 8.51 x 10 5 has been obtained in a yield of 53 % (Tab. 1, run 1). The polymerization of 2 in the presence of 3a following the general Scheme 1 yielded PN of lower molecular weight due to β-H elimination as reported previously by others for related synthetic schemes [8, 10, 11] . Fig. 2) . The molecular weight calculated from the integration of these signals is M n = 2.4 x 10 3 and in good correspondence with the molecular weight measured by GPC, M n = 2.2 x 10 3 .
In the experiments with 3a the resulting number of polymer chains, calculated from the yield and the molecular weight, is about 50 to 270 times higher than the number of Ni atoms added using 1. This observation indicates that the Ni species resulting from β-H elimination are able to start new polymerization of 2.
The polymerization of 2 using 1/MAO as initiator in the presence of different α-olefins 3b-j was performed to explore substituent effects of the olefins on their chain termination efficiency. Furthermore this kind of termination reactions by α-olefins serves as a model for block and graft copolymerization reactions which should occur by addition of vinyl functionalized polymers to the vinyl-type polymerization of 2 initiated by late transition metals. Consequently, the selection of the α-olefins for the model reactions was guided by the availability of corresponding vinyl functionalized polymers (polybutadiene, polyisoprene, polyoctenamer, metathesis-polynorbornene, polystyrenes, polysilanes, polysiloxanes, etc.). In all products, no sign for the incorporation of the olefins into the polymer chain was observed, but 1 H NMR spectra of the lower-molecular-weight products correspond well with end group functionalized polynorbornenes as claimed in Scheme 1. Fig. 3 shows the 1 H NMR spectrum of PN received by addition of 200 mol-% of 3b. A broad signal at was observed at 5.6 ppm in the 1 H NMR spectrum, which is assigned to the vinylene moiety. In addition, a sharp signal was observed at 1.04 ppm, which is assigned to the methyl groups expected with 3b. The integral ratio of the signal at 5.6 ppm to the signal at 1.04 ppm is about 1 : 1.3. Calculations of the molecular weight based on the integrals of the signals of main chain and end groups result in M n = 1850 which compares well to M n = 1800 observed by GPC. In summary, these observations strongly support that oligomerization or copolymerization of 3b can be ruled out and only one moiety of 3b is present at each chain of PN. However, the structure of the end groups depends on the nature of 3. Only one possible end group can be obtained with ethylene. Three end groups can be obtained when olefins without allylic hydrogen atoms are used instead of ethylene (1,1-, E-and Zsubstituted double bonds), e.g., 3c or 3d. If there are allylic hydrogen atoms as for example in 3b, the number of possible different end groups increases up to five.
Decrease of molecular weight of PN was observed with an increasing amount of olefin in the reaction mixture accompanied by a decrease of the yield of PN. Yields were ranging from 77 % (10 mol-% 3g) to 4 % (200 mol-% 3j) (Tab. 2). Yields of PN in the presence of siloxane olefins 3h-j were significantly lower than yields of PN in the presence of CH-olefins (3b-c) and of silane olefins 3f-g. No yield of PN at all was observed in the presence of 3h, which is most likely due to coordination or due to reaction of Si-O moieties with nickel, blocking the metal center and hindering polymerization. It is well known that siloxanes can react with rare earth metal phosphorane iminato complexes accompanied by cleavage of the siloxane and Si-O-metal-complex formation via the schematic pathway shown in Scheme 2 [15] . The yield of PN dropped significantly with increasing relative amount of 3f (yield of PN = 13 % for 25 mol-% of 3f and yield of PN = 1 % for 50 mol-% of 3f) as compared to sterically more crowded silanes). Somewhat different, the yield of PN dropped less dramatically with increasing amount 3g as compared to the other silane containing olefins. The differences in the yields of PN with 3f and 3g can be explained by less sterical hindrance of the vinyl group by the bulky silane moieties. This explanation is supported by differences in the yields observed for 3b and 3c as well as 3d and 3e where yields were lower for the olefin with sterically more crowded vinyl groups. The impact of the α-olefins on M n of PN is significantly different. M n ranges from 380000 (10 mol-% 3c) to 1200 (200 mol-% 3g) and is considerably lower than the molecular weight of the control experiment (Tab. 2). For 10 mol-% of 3 the least reduction of M n of PN was observed with 3c (M n of PN = 380000). M n of PN was reduced only to 68000 by further addition of 3c (200 mol-%). Similar data were obtained for styrene. Still comparing reactions with 10 mol-% of 3, the most significant reduction of M n of PN was observed for 3j (M n of PN = 8600). However, further reduction of M n is only moderate by further increase of the amount of 3j up to 200 mol-% (M n = 2700). Addition of an active PN chain can occur on one vinyl group of 3j or on both vinyl groups, which should lead to products of significantly different molecular weight. Molecular weights calculated from 1 H NMR spectra anticipating addition of PN on just one of the vinyl groups of 3j corresponds well to molecular weights obtained from GPC. Additionally, GPC traces are monomodal. Furthermore no insoluble product indicating crosslinking was observed. The conclusions from these observations are that addition of an active PN chain on 3j occurs on only one of its vinyl groups and that vinyl groups of 3j are not involved in any vinyl-type oligomerization or even polymerization, which should yield branched or crosslinked products here.
Significant differences in the reactivity of the α-olefins can be observed taking yields and molecular weights into consideration. 3b-j can be separated into two types of α-olefins as far as reactivity is concerned here. Type 1 (3b-g) gives similar yields at lower molar amounts accompanied by lower molecular weights as in the control experiment without α-olefin, but yields might drop significantly at higher molar amounts of 3. Type 2 immediately gives low yields and low molecular weights or no polymerization of 2 at all (with 3h-j). Based on the observations made for yields and molecular weights in comparison to the control experiment, it can be speculated that at lower amounts of 3 the reactivity of the Ni-complex is not altered by coordination of 3 and that the Ni hydride species formed upon β-H elimination reaction is reactive for vinyl-type polymerization of 2 as well. The lower the molecular weights are in conjunction with high yields (for example for 3e, 3g) the higher is the reactivity of the Ni hydride species towards 2. Type 2 α-olefins obviously deactivate the Ni-complex by coordination or by reaction and decrease the rate of polymerization of 2 as observed for 3h-j which are α-olefins with siloxane moieties.
Conclusions
The polymerization of norbornene in the presence of olefins using [NiBr(NPMe 3 )] 4 /MAO as initiator does not yield copolymers, but end group functionalized polynorbornenes with reduced molecular weights. Considerations based on yields and M n suggest that the Ni hydride species which is most likely formed upon β-H elimination reaction in the scheme of olefin addition to the growing PN chain initiates a new PN chain, in other words, chain transfer occurs through β-H elimination reaction. However, the true nature of the Ni hydride species is uncertain up to now. Similar observations concerning yield and M n were made for polymerizations of 2 in the presence of α-olefins. The impact of the α-olefins on yield and M n depends significantly on the sterical situation at the vinyl group. No hint for the incorporation of the olefins at any other position than the chain end was observed. So these olefins act as a chain transfer reagent on the polymerization of norbornene and can be used to control the molecular weight of the product as well as for the end group functionalization of PN. The reactions shown here represent a new type of polymer analogous reaction for end group functionalizations of PN by vinyl compounds. It can be concluded from the results obtained for the Ni-initiated polymerizations of norbornene in the presence of olefins that the synthesis of block and graft copolymers should be possible by replacement of the olefins with vinyl functionalized polymers which will be the topic of forthcoming papers.
